The phylum candidatus Saccharibacteria formerly known as Candidate Division TM7 is a highly ubiquitous phylum with 16S rRNA gene sequences reported in soils, sediments, wastewater and animals, as well as a host of clinical environments. Here, the application of two taxon-specific primers on environmental and human-associated samples using bar-coded tag pyrosequencing revealed two new clades for this phylum to exist and we propose that the division consists of 2 monophyletic and 2 polyphyletic clades. Investigation into TM7 ecology revealed that a high proportion (58%) of phylotypes were sample specific, few were widely distributed and of those most widely distributed all belonged to subdivision 3. Additionally, 50% of the most relatively abundant phylotypes observed were also subdivision 3 members. Community analysis showed that despite the presence of a high proportion of unique phylotypes, specific groups of samples still harbor similar TM7 communities with samples clustering together. The lack of relatively abundant phylotypes from subdivisions 1, 2 and 4 and the presence of very few cosmopolitan members' highlights not only the site specific nature of this phylum but provides insight into why the majority of studies into TM7 have been biased towards subdivision 3.
T he Candidatus Saccharibacteria phylum has been recently coined following complete genome sequencing of several Candidate Division TM7 members from wastewater 1 . TM7 is a well-known, ubiquitous bacterial phylum described from 16S rRNA gene sequence and genome data only 1, 2 . First identified in a German peat bog 3 , TM7 16S rRNA gene sequences have subsequently been shown to be present in soil, seawater, activated sludge and many animal and human-associated sources 2, [4] [5] [6] [7] [8] . The widespread nature of the phylum has gained interest from both environmental and clinical research groups leading to the design of TM7-specific FISH probes and PCR primers 2, 9 . More recently metagenomics and single-cell genomics approaches have been applied to investigate TM7 1, 7, 10 . Still, due to a lack of cultured isolates and a paucity of 16S rRNA gene sequences in repositories knowledge on the biology of this enigmatic group is in its infancy 11, 12 .
There have been several reports on the phylogenetic order within the TM7 group, which have proposed 2 or 3 class level clades 2, 4, 7 . Three subdivisions proposed by Hugenholtz et al. (2001) and Marcy et al. (2007) displayed a bias in diversity towards subdivision 1. More recently, Dinis et al. 2011 who correlated each clade to sequence origin, reported 2 monophyletic subdivisions; one group consisting of bacteria from environmental sources and the other encompassing clinical and environmental clusters. However, this data disagrees with the other phylogenetic reconstructions of TM7 with sequences from various environmental samples distributed throughout the entire phylum 2, 6 . A major problem in establishing a reliable taxonomic structure is a lack of available DNA sequences. The RDP contains a little over 4500 TM7 16S rRNA sequences, a small amount considering the highly ubiquitous nature of TM7 with an apparent relative abundance between 1 and 10% 2, 4, 9, [13] [14] [15] [16] . One way to overcome this lack of sequence data is to survey environments where they are present using amplicon pyrosequencing. Bar coded sequencing technology enables millions of sequences to be obtained in a timely and effective manner 17, 18 . One drawback to these methods is that to obtain more TM7 phylum sequences, highly taxon-specific PCR primers that generate ,600 bp amplicons (depending on technology used) are required. TM7 taxon-specific PCR primers and probes were first reported in 2001 and have been used since in a number of studies more specialised set of primers and probes to investigate TM7 within the human oral cavity and therefore designed phylum-specific probes based on sequences of oral origin only 9 . Here, we proposed that currently available TM7 primers were not highly specific to the phylum and thus we describe the development and validation of a TM7 taxon-specific PCR primer set that covers a high percentage of the candidate phylum. We applied this primer set in a 454 bar coded tag pyrosequencing survey on a collection of samples from both environmental and human sources. The resulting sequence data was inserted into an ARB parsimony tree containing full-length reference sequences to visualise the phylogeny of the division, which was then used to investigate the distribution and abundance of TM7 communities from within several diverse environments.
Results
Primer selection and validation. Four potential PCR primers were selected based on results from the RDP Probe Match function (Table 1) . When combined in silico, primers TM7-590F and TM7-965R exhibited 94.7% and 92.5% coverage of the TM7 phylum respectively, with no correlating matches to other phyla when paired (Tables S2 and S3 ). By comparison, previously designed primers exhibited between 41.9-93.4% coverage of the phylum with specificities ranging between 73.9-99.8%. Following optimisation of PCR conditions using DNA from TM7 environmental clone AY540773 (PCF39) 8 , an optimal annealing temperature of 61uC and an optimal magnesium chloride concentration of 2 mM was determined for each primer set. The amplicon from primer pair TM7-590F/TM7-965R was also of an appropriate length for 454 pyrotag sequencing, being approximately 375 bp long. Unfortunately, primer pair TM7-211F/TM7-590F (synthesized as a reverse primer) yielded non-specific amplicons under most PCR conditions while TM7-211F/TM7-965R produced a fragment too long (approximately 750 bp) for pyrosequencing.
Analysis of pyrosequencing data and phylogenetic analysis. The collective dataset produced 1299 species-level OTUs (0.02 dissimilarity clustering) spanning the V6-V9 regions 21 . This is compared to 3145 TM7 member OTUs in the RDP as of release 10 update 29 11 . The evolutionally dendogram was produced from 53 TM7 fulllength 16S rDNA reference sequences from the GreenGenes database including 4 from the human microbiome project (HMP). One representative sequence (100% sequence identity) for each of our phylotypes was then inserted in the ARB parsimony tree to visualise clustering of sequences. For ease of interpretation only reference sequences that highlighted clustering of the divisions was included in the final phylogenetic dendogram (Figure 1 ). At the same time a maximum-likelihood tree was also produced using the GreenGenes sequences to gain a closer image of the similarity of our sequences against those in the database ( Figure S1 ). Since this similarity tree had an abundance of terminal branches, resulting in poor visualisation, representative OTU sequences clustered at 0.08 dissimilarity was used (92% similarity). This reduced the number of terminal branches for ease of interpretation and generated 495 OTUs.
The evolutionary dendogram consisted of up to 4 clades, with all GreenGenes sequences falling within Subdivisions 1 and 3 only. Two additional clades were observed outside the 2 major subdivisions that consisted solely of the TM7 sequences recovered here. Clades 1 and 2 were monophyletic whilst 3 and 4 formed paraphyletic groups (Figures 1 and S1) . Clade 4 appears to be the highest rank of the 4 subgroups, with clades 1, 2 and 3 as daughter groups. Of all 1299 species-level OTUs observed in this TM7 dataset, approximately 0.3% belonged to MJK10, 35.8% to subdivision or clade 1, 22.2% to clade 2, 27.5% to subdivision or clade 3, and 14.3% to clade 4 (Table 2; Figure 3 ). All sequences affiliated with previously designated subdivisions 1 and 3 were concurrent with those defined by GreenGenes as all the downloaded reference sequences resided within their expected clades 12, 22 . For MJK120, only 7 sequences belonged to this group, yet it was basal to all the other clades within TM7 (Figures 1 and S1 ). For the purpose of this study we then grouped MJK10 with clade 4.
The total number of OTUs identified within clade 1 was far greater (1,228) than subdivisions 2,3 and 4 combined indicating the greater richness of this subdivision (Table 2; Figure 2 ). Yet the number of total reads recovered for subdivision 1 and 3 were similar. For subdivisions 2 and 4 significantly fewer total reads were obtained despite recovering a similar number of OTUs as was recovered in subdivision 3. The distribution of the reads was consistent with the proportion of samples submitted from each environment ( Figure 2 ). The oral samples consisted almost exclusively of sequences falling within subdivision 3, while the skin sample consisted almost exclusively of a new cluster (clade 2) (Figures 1 and S1 ). The remainder of sequences from the environmental samples, as well as those from seal faeces, were distributed throughout the phylum (Table 2; Figure 2 ). Besides the affiliation of oral samples to subdivision 3 and the skin sample sequences to clade 2, no other source of TM7 OTUs showed any correlation to a particular subgroup of the phylum. Rarefaction curves highlighted the greater species richness of environmental samples over human host samples ( Figure 3 ). Soil samples contained the greatest species richness with the Australian soil group requiring more sequencing to reach an asymptote. By comparison, the human host samples appeared to be adequately sequenced reaching an asymptote in this study.
The relative abundance of a particular OTU varied significantly between samples with 58% specific to one individual sample only. Analysis of similarities (ANOSIM) highlighted that despite this variability, groups of samples from a specific environment were significantly more similar to each other then to the other environments analysed with an overall significance level of 0.001 and a Global R value 0.488 (Table 4) . Those groups that were most similar were Australian soil and sponge samples as well as oral and sponge samples with a 0.001 significance level combined with Global R values of 0.443 and 0.439, respectively. While oral and Australian soil samples exhibited a 0.939 Global R value at a significance level of 0.003.
We used non-metric multidimensional scaling (nMDS) analysis (which clusters samples based on OTU composition) to visualize clusters of samples containing highly similar TM7 phylotype compositions ( Figure 4 ). The nMDS plot also showed that host-specific and/or site-specific groups of samples did harbour similar communities with samples clustering together. However, the level of similarity observed was less than 10% for all sample groups investigated apart from the human oral group. We also carried out SIMPER analysis that confirmed oral samples to be the most closely related TM7 communities with 29.2% similarity between samples observed. Groups of different environmental and animal host samples exhibited less similarity to each other with 6.2% for polar soil, 6.8% for seal faeces and 8.6% for Australian soils. Sponge samples contained the greatest variability between samples with just 2.9% similarity observed within this group (Figure 4) . The high variation between marine sponge samples observed may have been due to the species of sponge analyzed as this information was not known. 
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Only 42% of the species-level OTUs identified in this study was present in two or more of the 35 samples analyzed. Of these, the most widely distributed 8 OTUs identified were found to cluster within subdivisions 1 and 3, as well a new cluster (clade 2), yet these sequences were only detected in just 17-20% of samples analysed ( Figure 5A , Table 3 ). While present in the highest number of samples investigated these phylotypes exhibited a low level (0.05-2% total reads) of relative abundance throughout the entire dataset. By comparison, the 10 phylotypes that contributed to the greatest number (2-9%) of total TM7 reads were all affiliated with the well-characterised subdivision 3 ( Figure 5B , Table 3 ). The most dominant phylotype observed (OTU343) contributed 2,536 total reads or 9% relative abundance, but, the majority of these reads (2,531) were recovered from a single seal faecal sample only. This trend was observed repeatedly for the most dominant and widely distributed phylotypes with OTU336, from subdivision 1, detected in 5 samples. However, its relative abundance was 2.9% (786 total reads) and of these 694 reads was recovered from a single sponge sample.
Discussion
We have validated a highly specific set of Candidatus Saccharibacteria phylum specific PCR primers suitable for 454 bar coded tag pyrosequencing. The application of this primer pair resulted in a significant increase in the number of 16S rRNA gene sequences currently available in databases and revealed that two new clades may exist for this phylum 2, 4, 7, 10 . The evolutionary tree showed that these novel sequences did indeed cluster outside well-described TM7 subdivisions 1 and 3
2
. Clades 1 and 2 appeared to be monophyletic, while clade 3, (which was previously reported as a monophyletic clade 2 4 and clade 4, appeared to form polyphyletic groups. We recognise that as the TM7 sequences recovered here were short (375 bp) and a more reliable taxonomy of this phylum is now required consisting of full-length sequences from clades 2 and 4.
There have been several reports on TM7 phylogeny with an association of human derived samples to one subdivision and environmental members to another subdivision 4, 9 . Using our data and all currently available Greengenes and HMP full-length TM7 16S rDNA gene sequences we highlight human-associated samples to be almost exclusively associated with subdivision 3 (previously known as clade 2 in Dinis et al., 2011), while environmental OTUs were distributed throughout the entire phylum (Figure 1) . Thus, the evolutionary tree appears to be most similar to the phylogeny constructed by Hugenholtz et al., 2001 . Additionally, the affiliation of the majority of sequences from the skin sample to a new cluster (clade 2), and the lack of reliable reference sequences to both clades 2 and 4 in the databases reveals that there are still advantages of using up-todate PCR primers in microbial ecology investigations.
Further analysis into the diversity and abundance of TM7 communities recovered revealed that while TM7 members are reported to be ubiquitous, many individual samples analysed here harbored a high proportion of unique phylotypes. This sample-specific distribution of phylotypes was widespread and was surprizing as very few cosmopolitan OUT's were identified. Of the most prevalent 8 OTUs detected (in 15-20% of samples only), all 8 were associated with subdivision 3 (Figure 4;Table 3 ), which was consistent with subdivision 3 being reported on extensively in environmental samples, particularly sewage treatment plants 2, 23, 24 . While these 8 OTUs were found in the greatest number of samples, half of the OTUs were detected in low relative abundance per sample, contributing to less than 2% of total reads recovered. This is much lower than for members from the ubiquitous marine bacterium clade SAR11 who were recently reported to be present in 50%-100% of marine samples analyzed 25 . The 10 most dominant TM7 sequences identified here were distributed within clades 1, 2 and 3 and those associated with clades or subdivisions 1 and 3 were identified previously in wastewater treatment plants, earthworm gut, soils, as well as human and animal clinical samples 2, 26, 27 . Subdivision 3 OTU's 309 and 9, distributed in soils, oral and seal faecal samples were most closely related (100 and 92% similarity) to 16S rRNA gene sequences associated with active inflammatory bowel disease 6 . These most abundant phylotypes were also detected at high relative abundance in one sample only ( Figure 5 , Table 3 ). For example, subdivision 1 OTU336 exhibiting 100% similarity to PCF39, a microcolony forming TM7 bacteria from soil 8 , was detected in sponge, seal faecal and soil samples, however, the majority of reads were detected in one sponge sample only.
The similarity of TM7 communities between groups of samples showed that despite a high proportion of phylotypes being unique to one individual sample, community diversity and composition from the same host or environment were still more similar to each other (0.001 significance level and Global R value 0.488) than to the other groups of samples investigated. Host species have recently been suggested to play a significant role in predicting the bacterial community present, with unique communities reported to be host-specific in amphibians 28 and seals 29 . The level of similarity we observed between groups was low between 2-29% and may be due to both the high proportion of unique phylotypes present and the lack of adequate sequence coverage for environmental samples. In soil, there was greater species richness for subdivision 1, as reported previously, but a higher abundance of subdivision 3 members. Currently, all metagenomic and genome reports on TM7 have focused on subdivision 3 members from wastewater or oral samples, including the most recent publication of the complete genome for 4 subdivision 3 members from wastewater 1, 7, 10 . We hypothesize that the greater abundance and distribution of subdivision 3 members has contributed to a sampling bias that we are now observing for this group.
We reveal Candidatus Saccharibacteria to be a diverse phylum, consisting of a high proportion (58%) of site and sample-specific phylotypes distributed throughout 2 monophyletic and 2 polyphyletic clades. The presence of very few cosmopolitan members highlights the site-specific nature of this phylum and provides insight into why members from this group have yet to be recovered into pure culture. We hypothesize that the lack of relatively abundant phylotypes from clades 1, 2 and 4 may have contributed to why the majority of investigations into TM7 have been biased towards subdivision 3 members and highlights the future requirement for targeted investigations across all clades within this enigmatic group.
Methods
Sample sources and DNA extraction. Thirty-five diverse environmental, animal and human-associated samples from Australia and Antarctica were obtained (Table S1 ). For the 12 Australian and Antarctic soil samples, 300 mg was extracted using the FastDNA SPIN Kit for soil (FastDNA SPIN kit for soil, MP Biomedicals, Australia) as described 18 . For the 5 human samples, the prepGEM Tissue (ZyGEM Corporation, New Zealand) DNA extraction method was used as described 30 and extracted gDNA was preserved with 0.5 M EDTA (0.2 ml). For the 12 marine sponge and 6 seal faecal samples analysed gDNA was supplied following extraction using the QIAamp stool kit 29 .
Design and in silico testing of TM7-specific PCR primers. For effective targeting of the TM7 via 454 pyrosequencing, oligonucleotide primers with a high specificity for the phylum were required. To design new primers all available TM7 phylum sequences were downloaded from the GreenGenes online resource (http:// greengenes.lbl.gov/cgi-bin/nphindex. cgi) 12 and were aligned with Clustal X 31 . Alignments were then visually scanned for conserved regions homologous to only TM7 sequences. An in silico analysis of primer specificity was performed with candidate primer sequences as well as previously published primer pairs using the RDP's probe match function (http://rdp.cme.msu.edu/) 32 ( Tables S2 and S3 ). Finally, 4 candidate primers were designed, synthesized (Sigma-Aldrich, Australia) and evaluated for suitability for 454 bar coded tag pyrosequencing. Naming of each primer was based on the Escherichia coli numbering of the 16S rRNA gene.
Optimisation of the PCR conditions for all candidate primers. GoTaq Flexi hotstart polymerase (Promega, Australia) was used for all PCRs. A gradient PCR assay was used to optimize the PCR protocol for all candidate primers using various primer (Table 1) . Reactions (50 ml) were set up over a range of annealing temperatures (58-65uC) and magnesium chloride concentrations (1.5-4 mM) to amplify the 16S rRNA gene from positive and negative controls. The positive control used was a TM7 16S rRNA gene fragment (AY540773) obtained in our laboratory in a previous study 8 and Escherichia coli gDNA was used as the negative control. The initial master mix contained 1.5-4 mM MgCl 2 , 800 mM dNTPs, 5 mg BSA, 10 pmol each primer and approximately 10 ng of DNA was used in each 50 ml PCR reaction. The PCR program consisted of initial denaturation at 94uC for 5 min, followed by 35 cycles of 94uC for 30 s, 58-65uC for 30 s and 72uC for 30 s for every 500 base pairs of sequence to be amplified. All reactions were terminated with a final step of 72uC for 5 min. Reactions was performed using a Bio-Rad MyCycler Thermocycler (Bio-Rad, Australia). Products were visualized on a 2% agarose gel. Inspecting the electrophoresed products and selecting the corresponding band that produced the brightest single product of the correct size was used to determine the optimal annealing temperature and magnesium chloride concentration.
454 bar coded amplicon pyrosequencing. The Roche 454 FLX Titanium platform was used for amplicon pyrosequencing obtaining reliable read lengths of ,400 bp. At the time this was the most reliable technology available for bar coded sequencing. All 35 environmental and human samples tested positive by our TM7-specific PCR and were diluted to 10 ng/ml and sent for tag-encoded pyrosequencing. The sequencing was performed at the Research and Testing Laboratory (Lubbock, USA) (www.researchandtesting.com) using the forward candidate primer TM7-590F attached to biotinylated adapters. Bar-coded pyrosequencing involved an initial PCR stage with fusion primers containing custom unique 8-mer barcodes linked to the PCR primers. Subsequently, emulsion PCR (emPCR) was performed and then following quality checking of amplified products, the samples were titrated and mixed equally based on amplicon concentration then applied to the picotitre plate for pyrosequencing 33 . Standard flowgram format (Sff) files were generated from the raw data output from the instrument including the sequence data, quality files and flowgrams. Processing pipeline for raw pyrosequencing data. Sequence data were processed with the mothur software package 34 . Reads were denoised with the PyroNoise algorithm using the author's defined parameters, flowgrams with values below 360 were removed and those above 720 were truncated to this value 35 , trimmed to remove short (,200 bp) reads and pre-clustered at 1% dissimilarity to account for the perbase error rate in 454 FLX Titanium sequencing. NAST alignment against the SILVA database was performed 36 followed by chimaera removal using the UCHIME algorithm 37 . Distances between sequences were calculated and then clustering was done at 98% similarity to obtain species level OTUs as defined for the V6-V9 region 21, 37 . Representatives of each OTU were taxonomically identified using the GreenGenes 2011 taxonomy and analysed using the Basic Local Alignment Search Tool (BLAST) in GenBank 22 .
Analysis of data and phylogenetic tree construction. Representative TM7 16S rDNA gene sequences present in GreenGenes were collated with TM7 sequences from the Human Microbiome Project (http://www.hmpdacc.org/) and imported into the ARB software environment 38 . The phylogenetic placements of 16S rRNA sequences were determined using the neighbour-joining method within ARB as described previously (substitution correction model: Olsen correction) 38, 39 . The partial length TM7 sequences obtained in this study were then aligned to the Greengenes ARB sequence database, and inserted into the evolutionary tree with the parsimony insertion tool. The OP11 phylum was retained in the phylogeny as an outgroup. Those clades that contained reference sequences from GreenGenes or the HMP were labelled as GreenGenes Subdivision 1 or 3 (which represents the subdivision defined by Greengenes). To estimate confidence of the resulting tree topology, bootstrap resampling analysis for 1000 replicates was carried out. All GreenGenes reference sequences were labelled within the tree with their accession number in black and those with representatives from the human microbiome project were labelled as accession number_HMP in grey font. The reference sequences obtained in this study were labelled with a number followed by their proposed affiliation to clades 1-4. Sequences clustering within the GreenGenes subdivisions 1 and 3 were labelled in green, while those affiliated with 2 new clusters were labelled blue (clade 2) or red (clade 4). A similarity tree was also constructed to visualize sequences in closer detail using the FastTree software application 40 . This generated a maximum-likelihood tree and included were reference sequences from GreenGenes, including class level subdivisions 1, 3 and MJK10, as well as an unclassified clade also with several outgroup species, Escherichia albertii str 19982 (AY696662), Bacillus acidicola str. TSAS-1 (GQ389780) and Actinomyces catuli str. CCUG 41709 (AJ276805). Community dissimilarity was determined by first generating a maximum-likelihood tree from unique sequences using the FastTree program. This involved using a sequence alignment and first generating a fast heuristic-style neighbour-joining tree then, through a combination of nearest-neighbour interchanges (NNI) and subtreeprune-regraft moves (SPR), a minimum-evolution (ME) tree was created. This ME tree was then rearranged using a general-time-reversible model, into a maximum likelihood tree with optimized topology and branch-lengths. Bootstrap replications (1000) were performed and bootstrap confidence values were displayed on the ARB evolutionary and the similarity trees with circles at the nodes colored in a gradient from white to black to indicate bootstrap values between 50 and 100% respectively. phylotypes and (B) the most widely distributed phylotypes observed. Each gradient key displays the highest number of total reads obtained for each group of phylotypes with many OTUs present in relatively high abundance for one sample only (red/brown). The most widely distributed phylotypes all clustered with subdivision 3 sequences, all in relatively low abundance (,0.02% total reads) and were found in soils, sponge, seal gut and human oral samples. The most abundant phylotypes, representing 2-9% of total reads were present within clades 1, 2 or 3. Those affiliated with clade 1 were detected in Antarctic and Australian soils, with OUT 336 also found in seal gut and sponge samples. Clade 2 OTUs were primarily affiliated with skin or oral samples and soils. Clade 3 OTUs were affiliated with a range of samples, with OTU's 1 and 18 almost exclusively detected in oral human samples, OTU 309 was found in soils and seal gut samples, while OTU 343 was only detected in seal gut samples. For details on each sample and each OTUs closest match in the NCBI database see Tables S1 and 3. www.nature.com/scientificreports SCIENTIFIC REPORTS | 4 : 3957 | DOI: 10.1038/srep03957
Statistical analyses. Multivariate statistical analyses were performed using the Plymouth Routines in Multivariate Ecological Research (Primer-E v6) program 41 . These analyses were based on sample-by-OTU abundance matrices produced in the Mothur software package. Data was standardized, square root transformed and a resemblance matrix using the Bray-Curtis dissimilarity algorithm was calculated. Similarities between sample groups were visualized using non-metric multidimensional scaling (nMDS) plots. NMDS plots, SIMPER and ANOSIM analysis, which looks at the similarity between samples was used as well as generation of rarefaction curves to compare TM7 communities between and within sample groups. Rarefaction data were generated via a sampling without replacement method using the Mothur package.
Deposition of pyrosequencing data into NCBI. The TM7 phylum library of pyrosequencing data was deposited in the NCBI-NIH Sequence Read Archive (SRA) under the accession SRA054930. Accession numbers also submitted for each TM7 phylotype identified here under accession numbers KF578542-KF579840. 
